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Structurally Related Receptors Minireview
and Antagonists Compete for
Secreted Wnt Ligands
Randall T. Moon,* Jeffrey D. Brown,*² pattern of expression of Xenopus Wnt-8 (Xwnt-8; Chris-
tian and Moon, 1993) outside the organizer (Figure 1).Julia A. Yang-Snyder,* and Jeffrey R. Miller*
Both specialists and nonspecialists examining these*Howard Hughes Medical Institute
patterns of gene expression can appreciate Spemann'sand Department of Pharmacology
image of interlocking fragments, and appreciate why²Molecular and Cellular Biology Program
dissecting the workings of the gastrula organizer re-University of Washington School of Medicine
mains an intensive area of research many decades afterSeattle, Washington 98195
Spemann won the Nobel prize for describing the ability
of this organizer to recruit nearby cells to form the em-
bryonic axis. Taken together, the expression patternsªI should like to work like the archeologist who pieces
of Frzb and Xwnt-8, and the ability of Frzb to antagonizetogether the fragments of a lovely thing which are alone
Xwnt-8 signaling, raise new issues for understandingleft to him. As he proceeds, fragment by fragment, he
the control of Wnt signaling, and understanding theis guided by the conviction that these fragments are
functions of the gastrula organizer.parts of a whole which, however, he does not yet know.
Discovery, and Rediscovery, of FrzbHe must be enough of an artist to recreate, as it were,
A collaboration between two physicians, Malcolm Moosthe work of the master, but he dare not build according
at the Food and Drug Administration and Frank Luytento his own ideas. Above all, he must keep holy the broken
at the National Institutes of Health, was established toedges of the fragments; in that way only may he hope
purify and characterize cartilage and bone inductive ac-to fit new fragments into their proper place and thus
tivities from bovine cartilage extracts. Active fractionsultimately achieve a true restoration of the master's cre-
were subjected to trypsin digestion and protein micro-ation.ºÐHans Spemann, 1938.
sequencing, which ultimately allowed the isolation of
cDNAs encoding bovine and human proteins of MrWhile the discovery of new fragments of ªa lovely thingº
z36,200 (Hoang et al., 1996). Analysis of the predictedis noteworthy in any discipline, it is especially exciting
amino acid sequence revealed the presence of a signal
when discoveries have an impact on several fields. The
sequence and a domain with z50% sequence identity
work of Leyns et al. (1997) and Wang et al. (1997) on the
with the amino-terminal region of Drosophila Frizzled
mechanisms of action and likely functions of a secreted
and rat Frizzled-1 (Figure 2). With regard to its expres-
protein, Frzb (pronounced frizbee), is attracting attention
sion, the gene was expressed around early cartilaginous
for its impact on both signal transduction and develop-
condensations in the human limb bud and thereafter
mental biology. With regard to understanding signal within the cartilaginous cores of the developing skele-
transduction pathways, previous work has shown that ton. These observations led to the designation of this
Wnts are secreted signaling proteins expressed in em- gene as frzb, with frz to indicate the Frizzled motif, and
bryos and adults (McMahon, 1992; Nusse and Varmus, b to indicate a link to bone development (Hoang et al.,
1992). Wnts appear to function in intercellular communi- 1996). Realizing that ectopic expression of putative sig-
cation by interacting with the Frizzled family of serpen- naling factors inXenopus embryos has beenwidely used
tine receptors (Bhanot et al., 1996; Yang-Snyder et al., as a quick and effective first screen for protein function,
1996). Quite unexpectedly, Leyns et al. (1997) and Wang Moos and colleagues then isolated Xenopus Frzb by
et al. (1997) show that Frzb is related at the sequence low-stringency hybridization with their prior cDNAs
level to a putative Wnt binding domain of Frizzled. In a (Wang et al., 1997).
range of assays, Frzb binds a Wnt and blocks its signal- Independently, DeRobertis and colleagues were con-
ing, suggesting an unusual competition for Wnt binding tinuing their search for new cDNAs enriched in the gas-
between a structurally related receptor and antagonist. trula organizer of Xenopus. This highly productive fish-
In an important contribution to developmental biology, ing expedition had already yielded a transcription factor
Leyns et al. (1997) and Wang et al. (1997) further demon- and two secreted factors. As described by Leyns et al.
strate that Frzb is expressed in the gastrula organizer (1997), this search also yielded Xenopus Frzb, which led
to their cloning of murine and human Frzb.of Xenopus embryos, complementary to the horseshoe
Figure 1. Frzb is Expressed in the Gastrula Or-
ganizer and Antagonizes Xwnt-8 Expressed in
the Adjacent Ventro-Lateral Mesoderm
The patterns of expression of Xwnt-8 (blue)
andFrzb (orange) are shownas a vegetal view
(left) and a lateral view (right), with the future
dorsal side to the right in both views. The
lateral view denotes the prospective fates of
some of the regions of the gastrula stage
embryo.
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Secreted Frzb Is an Endogenous Antagonist
of Wnt Signaling
Based on its predicted amino acid sequence and on
initial cell fractionation studies, Frzb was originally de-
scribed as a protein that may enter the secretory path-
way and become associated with the plasma membrane
through a potential transmembrane region (Hoang et al.,
1996). Endogenous Xenopus Frzb, however, is found in
high speed supernatants rather than in the pellet that
contains membranes (Wang et al., 1997), and ectopic
Figure 2. Predicted Structures of Frizzled and Frzb, and Sequence expression of Frzb in Xenopus oocytes or in cultured
Comparisons
cells results in the secretion of Frzb protein into the
The percentage amino acid identity within the cysteine-rich domain
media (Leyns et al., 1997; Wang et al., 1997). Frzb isis shown for pairs of proteins of Drosophila Frizzled 2 (Dfz2), rat
therefore a secreted protein that resembles a likely Wnt-Frizzled 1 (Rfz1), mouse Frzb (Mfrzb), and Xenopus Frzb (Xfrzb), with
interacting domain of theFrizzled family of integral mem-conserved cysteines inyellow, and the signal peptide for secretion in
red. The number of amino acids predicted for each protein is given brane proteins. This raised the obvious question of
to the right. whether secreted Frzb directly binds Wnts. This was
investigated by asking whether Frzb and Xwnt-8 trans-
A prediction of the potential function of Frzb came lated in vitro would coimmunoprecipitate with antibod-
from recent studies of the Frizzled family (Figure 2). The ies directed against epitope-tagged versions of either
Frizzled homologs are all predicted to be serpentine protein, and the results compellingly show that Frzb
receptors, with a conserved cysteine-rich extracellular directly interacts with Xwnt-8 (Wang et al., 1997). Further
domain (CRD), seven putative transmembrane domains, supporting this, Leyns et al. (1997) show that cells
and a cytoplasmic carboxyl terminus. Several lines of transfected with a membrane-tethered form of Wnt-1
evidence support the involvement of the frizzled gene bind epitope-tagged Frzb. The results to date reason-
family in transducing the signals of the Wnt family of ably predict that Frzb and Frizzled family members di-
secreted signaling proteins (Bhanot et al., 1996; Yang- rectly associate with Wnts in cells, though they do not
Snyder et al., 1996; reviewed by Orsulic and Peifer, exclude the possibility that additional proteins and gly-
1996). First, expression of some members of the frizzled cosaminoglycans (Reichsman et al., 1996) also interact
gene family promotes the accumulation of Wnts at the with Wnts.
plasma membrane, consistent with direct or indirect as- Given the direct interaction of Frzb with Xwnt-8 in
sociations between Frizzled and secreted Wnts. Sec- vitro, both Leyns et al. (1997) and Wang et al. (1997)
ond, expression of rat Frizzled-1 in cells recruits a cyto- asked whether Frzb might either block or potentiate the
plasmic component of the Wnt signaling pathway, signaling activities of ectopic Xwnt-8, which would set
Dishevelled, to the plasma membrane, consistent with the stage for understanding the endogenous functions
activation of the cytoplasmic components of this path- of Frzb. Xwnt-8 had previously been reported to be ex-
way. Third, expression of Wnts in embryos promotes pressed transiently during the blastula and gastrula
accumulation of the cytoplasmic protein b-catenin, and stages in prospective ventral and lateral mesoderm, and
promotes specific gene expression. As members of the it is excluded from the gastrula organizer (Figure 1)
frizzled gene family either mimic this effect or work in (Christian and Moon, 1993). Ectopic expression of
a synergistic manner with Wnts to greatly elevate these Xwnt-8 has very different effects on Xenopus develop-
responses, it isevident that members of the frizzledgene ment, depending on whether it is expressed during the
family can participate in Wnt signaling. Direct binding of cleavage stages, or during blastula and gastrula stages
a Wnt to a member of the Frizzled family has yet to be like the endogenous gene (reviewed by Christian and
reported, hence one cannot exclude the possibility that Moon, 1993). Injection of Xwnt-8 RNA into the prospec-
there are only indirect associations between Wnts and tive ventral side of cleaving embryos promotes a dupli-
Frizzled family members. cation of the embryonic axes, leading to development
Additional analysis of Drosophila Frizzled-2 strength- of two-headed tadpoles. This phenotype is attributable
ened the likelihood that Frzb might interact with Wnts. to the ability of Xwnt-8 to elevate ventral levels of
Specifically, deletion of the cysteine-richamino-terminal b-catenin, a component of the Wnt signaling pathway
domain of Drosophila Frizzled-2 blocks the ability of (Figure 3) that is normally elevated in the dorsal cells of
the Frizzled homolog to recruit Drosophila Wnt-1 to the the cleaving embryo (Larabell et al., 1997). The b-catenin
plasma membrane, while expression of the amino-termi- is thought to interact with a subset of HMG box tran-
nal domain of Drosophila Frizzled-2 as a GPI-linked pro- scription factors, promoting expression of specific
genes that are important for determining dorsal cell fate.tein lacking all transmembrane domains still recruits
Wnt-1 to the plasma membrane (Bhanot et al., 1996). This axis-inducing activity of Xwnt-8 is blocked, rather
than enhanced, by coinjection of Frzb (Leyns et al., 1997;These data suggest that the cysteine-rich amino-termi-
nal domain of Frizzled homologs is probably involved Wang et al., 1997). This block is also obtained when
the Frzb and Xwnt-8 are expressed in different cells,in binding Wnts. Since Frzb has sequence identity with
this region, one might expect Frzb to interact with Wnts consistent with Frzb interacting with Xwnt-8 after both
have been secreted. When Xwnt-8 is ectopically ex-and to thus modify Wnt signaling in some manner. These
predictions from sequence comparisons turned out to pressed later in development from a constitutive pro-
moter that is transcribed beginning at the blastula stage,be strikingly accurate.
Minireview
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The Gastrula Organizer Secretes Wnt
and BMP Antagonists
Since Frzb can block the signaling activity of ectopic
Xwnt-8, this raises the question of whether Frzb and
Wnts are ever expressed in a manner consistent with
their normally functioning in an antagonistic manner. In
mouse embryos, Frzb is expressed in the primitive
streak during gastrulation, and in mouse and human
adults Frzb is expressed in a variety of adult organs,
including the heart, brain, and skeletal muscle, pan-
creas, and kidney (Leyns et al., 1997). In Xenopus em-
bryos, Frzb is also expressed during gastrulation, in a
remarkable region of the embryo known as the gastrula
organizer, or Spemann's organizer (Figure 1) (Leyns et
al., 1997; Wang et al., 1997). This dorsal region, when
transplanted to the ventral side of a host embryo, is able
to induce the formation of a new body axis, complete
with notochord, neural structures, and muscle (Spe-
mann, 1938; reviewed by Lemaire and Kodjabachian,
1996). Like Frzb, Wnts are also expressed in vertebrate
embryos and adult tissues, including some of the tissues
that express Frzb (McMahon, 1992; Nusse and Varmus,
1992). While careful mapping of the spatial patterns of
expression of Frzb, Frizzled homologs, and Wnts has
not yet been conducted, the complementary patterns
of Frzb and Xwnt-8 in Xenopus (Figure 1) are certainly
Figure 3. Competition between Frizzled and Frzb for Binding Wnts consistent with these secreted factors working in an
May Regulate Activation of the Wnt Pathway antagonistic manner in the future mesoderm.
Some Wnts are predicted to bind to the cysteine-rich domain (CRD) The ability of ectopic Frzb to block embryonic re-
of Frizzled family members in a manner that may be antagonized sponses to ectopic Xwnt-8 does not establish that Frzb
by Wnt binding to Frzb. When signaling by Frizzled is not activated,
normally works to counteract the functions of endoge-glycogen synthase kinase-3 (GSK-3) phosphorylates b-catenin (b)
nous Xwnt-8; however, further experiments by Leyns etresulting in its rapid degradation in a pathway which may involve
al. (1997) and Wang et al. (1997) support this likelihood.the adenomatous polyposis coli (APC) protein. Wnt binding to some
Frizzled homologs may activate the function of Dishevelled (Dsh), As noted above, endogenous Xwnt-8 is expressed in
thereby inactivating GSK-3 and reducing the rate of degradation of prospective ventro-lateral mesoderm of the gastrula,
b-catenin. Accumulation of higher levels of b-catenin results in its and its overexpression in regions of the embryo in which
interaction with members of the LEF-1/TCF families of HMG box
it is not normally expressed can divert the fate of thosetranscription factors, its translocation to the nucleus, and its indirect
cells to a ventro-lateral mesodermal fate (Christian andinteraction with regulatory sequences of specific genes. See Orsulic
Moon, 1993). If a normal function of Xwnt-8 were toand Peifer (1996) for further details on the Wnt-1 pathway.
participate in forming ventro-lateral mesoderm, then its
loss-of-function should perturb the somites and skeletal
muscle, which are derived from this region (Figure 1).Xwnt-8 promotes formation of ventral and lateral meso-
Supporting this role, a dominant negative Xwnt-8 blocksderm and inhibits formation of dorsal mesoderm (Chris-
induction of MyoD in the embryo, and inhibits formationtian and Moon, 1993). This second activity of ectopic
of skeletal muscle (Hoppler et al., 1996). Consistent withXwnt-8 is also blocked by Frzb (Leyns et al., 1997; Wang
Frzb functioning to antagonize endogenous Xwnt-8, ec-et al., 1997).
topic expression of Frzb throughout early Xenopus em-These results confirm the prediction based on se-
bryos also blocks induction of MyoD, and inhibits forma-
quence analyses that Frzb is an antagonist of Wnt signal-
tion of skeletal muscle (Leyns et al., 1997; Wang et al.,
ing. One implication of this conclusion is that one cannot
1997). Local ectopic expression of Frzb in ventral blasto-
predict that a Wnt signaling pathway (Figure 3) is active meres at the 4-cell stage results in partial dorsalized
based solely on the pattern of expression of Wnt and phenotypes, also likely by antagonizing the ventral sig-
frizzled genes, since activation of Wnt signaling might be nal of endogenous Xwnt-8 (Wang et al., 1997). These
antagonized by unsuspected Frzb homologs. Second, experiments support the conclusion that endogenous
gain-of-function analyses suggest there are functionally Frzb is a novel antagonist of the functions of some en-
distinct classes of vertebrate Wnts (Slusarski et al., dogenous Wnts, including Xwnt-8.
1997), raising a number of questions including whether The presence of Frzb in the gastrula organizer may
Frzb blocks the signaling activities of all Wnts. Third, serve several functions, depending upon the largely un-
since a subset of Wnts are transforming in certain epi- known extent of diffusion of both Frzb and Xwnts. Within
thelial cell lines, one might expect Frzb to be a tumor the extracellular space of the gastrula organizer, Frzb
suppressor gene. Interestingly, human frzb-1 maps to may locally block the instructive signal of Xwnt-8 which
a region thought to contain a tumor suppressor gene promotes ventro-lateral mesoderm formation, thereby
allowing the development of dorsal cell fates. Second,(Leyns et al., 1997).
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Hoppler, S., Brown, J.D., and Moon, R.T. (1996). Genes Dev. 10,there may be a region at the boundary of expression of
2805±2817.Xwnt-8 and Frzb where the extracellular environment
Larabell, C.A., Torres, M., Rowning, B., Miller, J.R., Yost, C., Wu,contains both proteins, which could yield a graded re-
M., Kimelman, D., and Moon, R.T. (1997). J. Cell Biol., in press.sponse to Xwnt-8 in the prospective lateral mesoderm.
Lemaire, P., and Kodjabachian, L. (1996). Trends Genet. 12, 525±531.Third, since signals from the organizer induce and pat-
Leyns, L., Bouwmeester, T., Kim, S.-H., Piccolo, S., and DeRobertis,tern the nervous system (Hemmati-Brivanlou and Mel-
E.M. (1997). Cell 88, this issue.ton, 1997), it is possible that Frzb is involved in modulat-
McMahon, A.P. (1992). Trends Genet. 8, 236±242.ing neural cell fate, or endodermal cell fate, in addition
Nusse, R., and Varmus, H.E. (1992). Cell 69, 1073±1087.to its likely roles in the mesoderm. Further testing of the
Orsulic, S., and Peifer, M. (1996). Curr. Biol. 6, 1363±1367.functions of Frzb requires both a better understanding
Reichsman, F., Smith, L., and Cumberledge, S. (1996). J. Cell Biol.of the range of action of Frzb and Wnt signals, as well
135, 819±827.as genetic loss-of-function data. The loss-of-function
Slusarski, D.C., Yang-Snyder, J., Busa, W.B., and Moon, R.T. (1997).studies would presumably need to come from another
Dev. Biol. 182, 114±120.
organism, since methods for interfering with gene ex-
Spemann, H. (1938). Embryonic Development and Induction (Newpression in Xenopus embryos are not very precise, and
Haven, Connecticut: Yale University Press).
the approach of interfering with protein function through
Yang-Snyder, J., Miller, J.R., Brown, J.D., Lai, C.-J., and Moon, R.T.
design of a dominant negative protein is probably not (1996). Curr. Biol. 6, 1302±1306.
suitable when the protein in question is essentially a Wang, S., Krinks, M., Lin, K., Luyten, F.P., and Moos, M., Jr. (1997).
dominant negative protein to begin with. Cell 88, this issue.
While showing that the gastrula organizer is the
source of a Wnt antagonist was completely unexpected,
the new work on Frzb also adds to the growing evidence
that the gastrula organizer is the surprising source of
multiple secreted antagonists. Previously, the gastrula
organizer has been shown to be a source of noggin,
follistatin, and chordin that can bind to bone morphoge-
netic proteins (BMPs), thereby preventing their activat-
ing receptor-mediated signaling pathways (reviewed by
Lemaire and Kodjabachian, 1996; Hemmati-Brivanlou
and Melton, 1997). The consequence of antagonizing
BMPs is that some of the dorsal ectodermal tissue then
follows a default developmental pathway and becomes
the nervous system. These examples underscore the
important role of inhibitory signals, along with receptor-
activating signals, in establishing regions of distinct cell
fate and function in the embryo.
In developmental biology one is constantly reminded
that modern cell and molecular studies are often filling
the gaps in processes identified or suspected many
years ago by the embryologists and philosophers who
asked how eggs exploit adults to make more eggs. The
idea that different regions of embryos can be the
sources of different signals that work in gradients, or
in synergistic or antagonistic combinations, was well
developed from the work of Boveri, Child, Holtfreter,
and others (reviewed by Spemann, 1938). Indeed, ªthe
inducing effect of the organizer was, from the beginning,
characterized as a releasing oneº (Spemann, 1938). One
suspects that these embryologists would have been sat-
isfied to learn of the complementary patterns of expres-
sion of Xwnt-8 and Frzb and to learn of their antagonistic
functions in the Xenopus embryo.
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